Graphical Abstract Highlights d YAP/TAZ are critical for CAVIN1 and CAVEOLIN1 expression and caveolae formation d The essential caveolar genes CAVIN1 and CAVEOLIN1 are direct YAP/TAZ-TEAD target genes d YAP/TAZ are hyperactivated in caveolae-deficient cells d Caveolae facilitate YAP/TAZ-mediated shear stress response SUMMARY The Hippo pathway plays major roles in development, regeneration, and cancer. Its activity is tightly regulated by both diffusible chemical ligands and mechanical stimuli. The pathway consists of a series of kinases that can control the sub-cellular localization and stability of YAP or TAZ, homologous transcriptional co-factors. Caveolae, small (60-100 nm) bulb-like invaginations of the plasma membrane, are comprised predominantly of caveolin and cavin proteins and can respond to mechanical stimuli.
Correspondence carsten.g.hansen@ed.ac.uk In Brief Rausch et al. identifies that the Hippo pathway regulates caveolae abundance via YAP/TAZ-TEAD-mediated transcriptional regulation of the two essential caveolar genes CAVEOLIN1 and CAVIN1. In essence, without YAP/TAZ, the cell loses an entire cellular organelle. In addition, caveolae facilitate shearstress-mediated signaling via the Hippo pathway.
INTRODUCTION
The Hippo pathway is involved in multiple developmental and regenerative processes, such as tissue renewal of the liver, heart, kidney, intestine, and lung. The Hippo pathway needs to be tightly and dynamically regulated, as otherwise hyperactive yes-associated protein/transcriptional co-activator with PDZbinding motif (YAP/TAZ) cause disease, most notably cancer [1] [2] [3] [4] [5] . The pathway comprises an upstream inhibitory serine-threonine kinase cascade that ultimately activates large tumor suppressor kinase (LATS)1/2, which in turn phosphorylates and thereby inhibits the co-transcriptional regulators YAP/TAZ through cytoplasmic sequestration as well as protein degradation [6, 7] . The pathway is regulated by both soluble ligands and mechanical stimuli, where the cytoskeleton and Rho-guanosine triphosphatases (GTPases) play central roles in mediating these responses [7, 8] . Importantly, how mechanical signals are sensed at the plasma membrane and transduced via the Hippo pathway is currently not well understood.
Caveolae, meaning little caves, are multifunctional organelles localized in the plasma membrane and have mechanotransductive and protective roles [9] [10] [11] [12] [13] [14] [15] . They are generated by CAVEOLIN1-3 (CAV1-3) and CAVIN1-4 (also known as PTRF, SDPR, PRKCDBP, and MURC) as well as Eps15 homology domain (EHD) and PACSIN2 proteins [16, 17] . CAV3 and CAVIN4 are muscle-specific caveolar proteins [16, 17] . CAV1 is essential for caveolae formation in non-muscle cells, whereas CAVIN1 is critical for caveolae formation in all cells [18] [19] [20] [21] .
As both the Hippo pathway and caveolae are regulated by mechanical stimuli, such as shear stress, we sought to investigate whether the Hippo pathway and caveolae are functionally integrated in this process.
RESULTS

YAP/TAZ Drive Caveolar Protein Expression
We utilized genome-edited YAP/TAZ double knockout (Y/T KO) and LATS1/2 double knockout (L1/L2 KO) HEK293A cells [22] and compared these to wild-type (WT) HEK293A cells to examine whether the activity state of YAP/TAZ regulates caveolar protein expression. There was a dramatic reduction in CAVEOLIN and CAVIN protein expression in the Y/T KO cells ( Figures 1A, 1B , 1D-1F, and S1A-S1C). This effect was mirrored in an additional Y/T KO clone ( Figures S2A, S2B , and S2E). Moreover, caveolar proteins were markedly increased in L1/L2 KO cells ( Figures 1A and 1C-1F) , where YAP/TAZ are hyperactive, as evident from increased YAP/TAZ nuclear localization ( Figures  1A, 1C , S1B, and S1F) and dephosphorylated YAP status (Figures 1F, 1G, and S2E ). Re-introduction of LATS1 into L1/L2 KO cells, but not a kinase dead version, increased YAP phosphorylation and decreased CAVIN1, CAV1, and CYR61 expression ( Figures S2G and S2H) . The essential proteins for caveolae biogenesis, CAV1 and CAVIN1, therefore mirrored the expression of the well-characterized YAP/TAZ target gene CYR61 [7] ( Figures 1F, S2E , and S2G). To determine whether the ability for caveolar protein expression was due to a cell-intrinsic dependence on YAP/TAZ and not merely mediated by paracrine effects, we utilized a mixed cell population immunofluorescence (IF)-based assay. Due to the specificity of the antibodies used ( Figure S1A ), the assay allowed for direct comparison between Y/T KO cells and WT cells in terms of the CAV1 or CAVIN1 protein levels ( Figures 1H-1L , S1D, S1E, S2C, and S2D). CAV1 and CAVIN1 protein expression, as well as CAV2 ( Figure 1M ), was directly dependent on YAP/TAZ cell-intrinsic expression ( Figures  1H-1L ). Importantly, upon exogenous plasmid-based re-expression in Y/T KO cells, CAV1 and CAVIN1 could be found colocalizing within plasma membrane domains ( Figure S3A ). This localization is comparable to that of endogenous CAV1 and CAVIN1 in WT cells ( Figure S3B ). These data show that YAP/ TAZ are required for the expression of the essential caveolar proteins CAVIN1 and CAV1.
CAV1 and CAVIN1 Are Direct YAP/TAZ-TEAD Target Genes As YAP/TAZ are transcriptional co-activators, we explored the possibility that the essential role of YAP/TAZ in caveolar protein expression was due to transcriptional regulation. We compared mRNA levels from HEK293A Y/T KO and L1/L2 KO to WT cells (Figures 2A and 2B ). In L1/L2 KO cells, with hyperactive YAP/ TAZ, there was an increase in the well-established YAP/TAZ target genes CYR61 and CTGF [23, 24] as well as of CAVIN1 (Figures 2A and 2B) , an effect that was paralleled by exogenously expressing hyperactive YAP ( Figure S2J ). Re-introduction of LATS1, but not a kinase dead version of LATS1, in L1/L2 KO cells lowered the expression of CYR61, CTGF, CAV1, and CAVIN1 ( Figure S2I ). In addition, there was a striking absence of CAV1 and CAVIN1 mRNA expression as well as of CYR61 and CTGF in Y/T KO cells (Figures 2A, 2B , and S2F). As YAP/TAZ bind TEAD transcription factors [24] [25] [26] [27] [28] , we treated cells with verteporfin, an inhibitor of the YAP-TEAD interaction [29] . This resulted in a diminished expression of CYR61, CTGF, CAV1, and CAVIN1 ( Figure 2C ). The binding of YAP to TEAD is partly formed via critical hydrogen bonds to serine94 in YAP [24] [25] [26] . We stably expressed either vector, WT, or S94A YAP into Y/T KO cells and assessed caveolar protein expression in these cells ( Figure 2D ). Only WT YAP was able to induce expression of CYR61, CAV1, and CAVIN1 ( Figure 2D ). We again utilized the IF-based mixed culture assay, which revealed that CAV1 and CAVIN1 expression was restored in Y/T KO cells in a cell-intrinsic manner by the re-expression of WT YAP, but not by expression of the TEADbinding-deficient S94A YAP (Figures 2E-2J ). To establish whether this was indeed due to transcriptional regulation, we performed qPCR analysis of samples prepared from Y/T KO cells expressing WT or S94A YAP. There was a significant upregulation of CAV1 and CAVIN1 expression upon re-expression of WT YAP ( Figure 2L ). To assess whether TAZ was similarly capable of inducing CAV1 and CAVIN1 expression in Y/T KO cells, we introduced either WT TAZ or a TEAD-binding-deficient TAZ mutant (S51A). Similar to YAP, exogenous TAZ expression induced CAV1 and CAVIN1 expression in the Y/T KO background in a cell-intrinsic and TEAD-binding-dependent manner ( Figures 2K, 2M , S3E, and S3F). This apparent dependence on YAP/TAZ-TEAD interaction prompted us to analyze the role of TEADs in the expression of CAV1 and CAVIN1. We therefore established cells with short hairpin (sh)-mediated knockdown of TEADs. A clear TEAD dependence was evident for the expression of CAV1 and CAVIN1 (Figures 3A-3F and S4A-S4F).
To determine whether TEAD proteins can localize to CAVIN1 and CAV1 promoters, we examined their proximal genomic regions for TEAD recognition motifs ( Figure S4G ). When a genomic region of CAV1 (À1,907 to +200 bp) or CAVIN1 (À1,250 to +150 bp) was inserted into a plasmid upstream of a luciferase open reading frame, expression of YAP increased luciferase activity ( Figure 3G ). In contrast, a short CAV1 genomic region that does not harbor TEAD recognition motifs ( Figure S4G ) had no effect on the luciferase activity ( Figure 3G ).
To examine whether this interaction also takes place in vivo, we carried out chromatin immunoprecipitation (ChIP) assays with antibodies against TEAD1. Regions of both CAVIN1 and CAV1 proximal promoters, which contain the consensus binding sequence for the YAP/TAZ-TEAD transcriptional complex, were enriched by antibodies targeting TEAD1 ( Figure 3H ). To test whether YAP also localized to these regions, we carried out *** *** S94A WT YAP-ChIP assays in both WT and shTEAD cells. In a TEADdependent manner, regions in both the CAVIN1 and CAV1 promoters were enriched by antibodies targeting YAP ( Figures  3I and 3J) . These experiments indicate that the TEAD-YAP complex physically binds to promoters of both essential caveolar genes, CAVIN1 and CAV1.
To explore whether regulation of CAVIN1 and CAV1 expression by YAP/TAZ-TEAD is a general phenomenon, we used data from cancer cell line encyclopedia (CCLE) [30] and conducted pairwise bioinformatic analysis of CYR61 and CTGF, CAVIN1, or CAV1 expression, respectively ( Figure 4A ). A strong positive correlation between the well-established YAP/TAZ-TEAD target genes CTGF/CYR61 as well as for CAV1/CYR61 and CAVIN1/CYR61 was apparent. However, there was no correlation between expression of CYR61 and FLOTILLIN2 (FLO2), another plasma membrane protein [31] , or HPRT1, a housekeeping gene ( Figure 4A ).
These data show that YAP/TAZ regulate caveolar genes and induce TEAD-mediated CAV1 and CAVIN1 gene expression and that CAV1 and CAVIN1 are direct transcriptional targets of this complex.
YAP/TAZ Activity Dictates Caveolar Protein Levels
To investigate whether the YAP/TAZ-TEAD transcriptional complex is essential for the expression of CAV1 and CAVIN1 in other cells, we chose the osteosarcoma cell line U2OS. U2OS cells express high levels of the YAP/TAZ-TEAD target genes CTGF and CYR61 as well as high levels of CAV1 and CAVIN1 (Figure S5A ). Importantly, although YAP and TAZ are predominantly nuclear in unstimulated U2OS cells, they do have a functional Hippo pathway [23] . We attempted generating YAP/TAZ KO U2OS cells but were unsuccessful, potentially due to essential YAP/TAZ roles for cell survival in this cancer cell line. We therefore generated genome-edited single YAP and TAZ KO cell lines ( Figure S5D ) with either knockdown of TAZ (shTAZ) or of YAP (shYAP) ( Figures 4B and 4C ). In U2OS cells, as in HEK293A cells, loss of YAP and TAZ resulted in loss of CAV1 and CAVIN1 expression ( Figures 4B, 4C , and S5B).
Neurofibromatosis type 2 (NF2) (also known as merlin) [1] [2] [3] [4] is the most common mutated Hippo pathway tumor suppressor gene. NF2 acts as an upstream activator of the kinase cascade and therefore as an inhibitor of YAP/TAZ [6, 7] . We deleted NF2 by CRISPR genome editing in U2OS cells to investigate whether this would increase CAVIN1 and CAV1 expression. As predicted, this was indeed the case ( Figure 4D ). Analyzing NF2 KO cells by IF, it was evident that YAP/TAZ localization was increased in the nucleus compared to WT U2OS cells ( Figures  4E-4G ). Re-introduction of NF2 into NF2-deficient U2OS cells rescued the phosphorylation state and thus activity of YAP (Figures 4H and 4I) , as well as the mRNA expression and protein levels of CYR61, CAVIN1, and CAV1 ( Figures 4I and 4J ). To examine whether this transcriptional regulation was mediated via TEADs, we generated shTEAD, shYAP, and shTAZ NF2 KO U2OS cell lines and compared those to controls (Figures 4K and S5B). Consistent with previous results, the expression of CAV1 and CAVIN1 was also dependent on TEADs in U2OS WT cells ( Figures S5B and S5C ). These results demonstrate that TEADs are required for expression of CAV1 and CAVIN1 in U2OS as in HEK293A cells.
YAP/TAZ double KO is embryonic lethal in both mice [32, 33] and zebrafish [34] . To explore whether YAP/TAZ regulation of caveolar proteins is conserved across species and within cells of a living organism, we analyzed 12-somite-stage Y/T KO zebrafish as well as age-and background-matched WT embryos. The samples were processed for electron microscopy (EM), and we quantified the abundance of epidermal caveolae. There was a striking decrease in the abundance of epidermal caveolae in Y/T KO embryos ( Figures 4L-4N ). To examine whether this lack of caveolae was due to decreased transcriptional activity of YAP/TAZ target genes, we examined the expression levels of cavin1 and cav1 as well as of cyr61 and ctgf in whole fish embryos ( Figure 4O ) and observed a substantial downregulation of all four genes in Y/T mutant embryos. Cumulatively, these data suggest that YAP/TAZ-TEAD activity is broadly critical for caveolae expression within vertebrates.
CAVIN1 and CAV1 Regulate YAP/TAZ Activity Although understanding of the external inputs and cell surface components for the Hippo pathway is incomplete, in many contexts, Hippo signaling and its effectors are under feedback control [7, 35] . With this premise and having established that Hippo signaling directly regulates caveolar gene expression, we investigated whether caveolae modulate the Hippo pathway. We initially generated CAV1 knockdown U2OS cells. These cells showed an upregulation of CTGF and CYR61 ( Figures 5A, 5D , and 5E) protein expression as well as a decrease in the inhibitory pYAP-S127-phosphorylation ( Figure 5A ). The lowered protein levels of the cavin proteins (CAVIN1 and CAVIN2), upon (D) Western blots of lysates from Y/T KO cells stably re-expressing either control plasmid, myc-tagged WT, or S94A mutant YAP. l.e., long exposure; s.e., short exposure. Note, re-expression of WT YAP, but not S94A mutant, deficient in TEAD binding, restores expression of caveolar as well as established YAP/TAZ-TEAD target genes, CYR61 and LATS2. Figure S4A (see also Figure S4B ). Figure S4F ). Means ± SD. (G) YAP drives CAVIN1 and CAV1 promoter activity. Luciferase reporters were generated carrying either a short (À500 to +200 bp), or long (À1,907 to +200 bp) fragment of the CAV1 promoter region or a fragment (À1,250 to +150 bp) of the CAVIN1 promoter region (related to Figure S4G ). The reporters were introduced into Y/T KO HEK293A cells together with either a YAP or a vector control plasmid. Note that only the long CAV1 form contains the predicted TEAD recognition motifs. Means ± SD. knockdown of CAV1, is most likely due to diminished stability of cavin proteins in CAV1-deficient cells (Figures 5A, S6A , and S6B), consistent with previous reports [18] . To investigate whether the hyperactivity of YAP/TAZ was due to paracrine effects, we generated mixed cell cultures of shCAV1 and control cells and processed them in parallel for IF. Using antibodies against both CAV1 and YAP/TAZ allowed us to discriminate between these populations of cells ( Figures 5B and S6B) . YAP/TAZ nuclear localization was more pronounced in cells deficient of CAV1 ( Figures 5B and 5C ). This shows that the shCAV1-mediated YAP/TAZ hyperactivity is due to cell-intrinsic events.
To investigate whether the upregulation of CYR61 and CTGF in caveolae-deficient cells was caused by increased YAP/TAZ-TEAD transcriptional activity, we prepared qPCR samples of both shCAV1 and shCAVIN1 cells and compared those to control cells ( Figures 5D and 5G ). In both shCAV1 and shCAVIN1 cells, an upregulation of YAP/TAZ-TEAD transcriptional activity was evident. Importantly, nuclear-to-cytoplasmic ratio of YAP/ TAZ, as well as their transcriptional activity, was restored to WT levels upon re-expression of CAV1 ( Figures 5H-5J and S5E). Together, these data indicate caveolar impact on YAP/ TAZ-TEAD activity.
To probe further the concept of caveolae as regulators of YAP/ TAZ activity, we examined HEK293A cells with knockdown of CAVIN1 and CAV1. Lowering either CAV1 or CAVIN1 expression caused markedly increased levels of CYR61 expression (Figure S5F ). We explored whether this increase was due to transcriptional upregulation and identified that YAP/TAZ target genes indeed were increased in cells with lowered CAV1 expression ( Figure S5G) , as was the case for U2OS cells (Figures 5D  and 5F ). This suggests caveolae as an upstream negative regulator of YAP/TAZ. To examine whether this function is conserved in vivo, we utilized cav1 À/À ;cav3 À/À mutant zebrafish, which lack caveolae [12] . We developed a labeling procedure that allowed us to examine YAP localization in the epidermis of 48 hr postfertilization (hpf) embryos ( Figure 6A ). There was a clear increase in the YAP nuclear-to-cytoplasmic ratio in cav1 À/À ;cav3 À/À mutant embryos compared to WT ( Figures 6A and 6B ). As YAP/TAZ mutant embryos do not survive until 48 hpf [34] and we therefore could not fully verify our YAP antibody specificity at this developmental stage, we furthermore utilized a GFPtagged, TEAD-binding-deficient YAP construct (GFP-YAP-S54A), expressed from an epithelial promoter, and introduced it into cav1 À/À ;cav3 À/À mutant and WT embryos. This YAP mutant construct was co-expressed with H2A-mCherrry to allow for visualization of the nucleus ( Figure 6C ). In the fish embryos, we measured a significant increase in YAP nuclear to cytoplasmic localization in cav1 À/À ;cav3 À/À compared to WT ( Figures 6C and 6D ). Moreover, we examined whether the human TEAD-binding-deficient YAP counterpart (YAP-S94A) was sensitive to well-known YAP stimuli, such as serum stimulation [23] , which was indeed the case ( Figure S5H ). The co-expression of GFP-YAP-S54A and H2A-mCherry in the embryos therefore allowed us to validate our endogenous embryonic YAP labeling data ( Figures 6A-6D ). In addition, embryos from cav1 À/À ;cav3 À/À mutants were compared to WT and we observed a marked increase in cyr61 and ctgf expression ( Figure 6E) . Cumulatively, these data demonstrate YAP/TAZ-TEAD activity is augmented upon caveolae deficiency, and this effect is conserved across species and in vivo.
Caveolae Facilitate YAP/TAZ-Mediated Flow Response
As both caveolae [9] and the Hippo pathway [36] [37] [38] mediate cellular responses from shear stress, we set out to examine whether caveolae and the Hippo pathway are mechanistically linked in this process. We prepared cell lysates from confluent WT HEK293A cells grown under a range of constant flow rates (0-4.7 3 10 À5 Dyn/cm 2 ) for 18 hr and analyzed YAP/TAZ activity. Specifically, we measured the phosphorylation status of YAP and the expression of CYR61 and compared these cells to Y/T KO cells grown under shear stress. We identified a flow-dependent increase in YAP/TAZ activity, as noted by the dephosphorylation of YAP ( Figure 7A ), and increased protein expression of TAZ and CYR61 ( Figure 7B ). As 2.1 3 10 À5 Dyn/cm 2 is sufficient to activate YAP/TAZ ( Figures 7A and 7B) , and well within the range of physiological shear stress [39, 40] , we chose this level for the remaining shear stress experiments. As expected, YAP nuclear localization (Figures 7C and 7D ) and transcription of CYR61 and CTGF were increased in cells that had experienced shear stress ( Figure 7E ). The induction of the YAP/TAZ target CYR61 upon flow is therefore a suitable assay to study the shear-stress-mediated regulation of the Hippo pathway. To examine whether the activation of YAP/TAZ upon flow is mediated via caveolae, we asked whether the flow-mediated induction was different between WT cells and cells with reduced CAV1 expression levels. It was apparent that the fold induction of CYR61 protein expression upon flow was markedly reduced (by 40%) in shCAV1 cells (Figures 7F, 7G, and S6F) . Indeed, in cells with efficient reduction of CAV1, the shear-stress-mediated induction of YAP/TAZ activity was diminished, as determined by the mRNA levels of CTGF and CYR61 ( Figure 7H ). To further gain insights into the underlying mechanisms and establish whether this process was mediated via paracrine factors, we generated CAV1 KO cells (Figures S6G, S6H , and S7A-S7C). By a mixed cell culture assay, we determined the localization of YAP in CAV1 KO and WT cells. YAP was more nuclear at steady state in CAV1 KO cells ( Figure 7I) , and the flow-induced nuclear translocation of YAP was decreased in CAV1 KO cells compared to WT cells ( Figure 7J ). Furthermore, shear stress induced an increase of the YAP/TAZ-TEAD target genes CTGF and CYR61 to a higher extent in WT compared to the CAV1 KO cells (Figure 7G) . Importantly, the re-introduction of CAV1 into CAV1 KO cells rescued this phenotype (Figures S6I and S7D-S7M ).
CAV1 deficiency in L1/L2 KO did not further increase YAP/TAZ activity levels ( Figures S7N-S7R ), consistent with saturated YAP/TAZ activity in L1/L2 KO cells ( Figures 1C-1G , S1F, and S2E) [6, 7] . These data show that YAP/TAZ are activated upon shear stress, that YAP/TAZ are hyperactivated in cells without caveolae, and that shear-stress-mediated activation of YAP/ TAZ is facilitated by caveolae.
DISCUSSION
The Hippo pathway is recognized as critical for multiple cellular, developmental, and homeostatic processes [1] [2] [3] [4] [5] . Due to its central role in many biological contexts, tight regulation of this pathway is required and a variety of feedback mechanisms have evolved [7, 35] . In this study, we find reciprocal relationships between caveolar function and Hippo signaling. Specifically, we show that YAP/TAZ-TEAD activity directly regulates transcription of components that comprise caveolae. Conversely, loss of caveolae results in Hippo kinase cascade inactivation and thus increased YAP/TAZ-TEAD activity. Flow sensing plays major roles in multiple cell types, especially during development [39, 40] , in the cardiovascular system [40] , in the kidney [39] , and elsewhere [41] . The transduction of shear stress into cells has previously been shown to depend, at least Figure 6 . CAVEOLINs Are Negative Regulators of YAP/TAZ In Vivo (A) Images of epithelial cells from WT and cav1 À/À /cav3 À/À 48 hpf zebrafish embryos labeled for Hoechst (blue) and YAP (red). Note the increased nuclear YAP localization in cav1 À/À /cav3 À/À cells. Scale bars represent 25 mm. (B) Quantification of cellular nuclear-to-cytoplasmic ratio from cav1 À/À /cav3 À/À superficial epidermal cells compared to WT. Each dot represents one cell. n > 100. Means ± SEM. (C) Images from cav1 À/À /cav3 À/À and WT zebrafish embryos expressing epidermal EGFP-yap S54A (Tead-binding-deficient zebrafish yap mutant) and H2A-mCherry (nuclear marker). Note the predominantly nuclear YAP localization in the cav1 À/À /cav3 À/À epidermal cells compared to WT. Scale bars represent 20 mm. (D) Quantification of nuclear-to-cytoplasmic ratio from cav1 À/À /cav3 À/À epidermal cells compared to WT. Each dot represents one cell. n > 50 from each genotype. Means ± SEM (related to Figure S5H ). (E) qPCR analysis from four-day-old cav1 À/À /cav3 À/À and WT zebrafish embryos. Means ± SD. in part, on caveolae [9, 11] . Still, hitherto how caveolae mediate flow sensing and other types of mechanotransduction to the interior of the cell is not well understood [9] [10] [11] [12] [13] [14] . Related, shear stress and other mechanical perturbations can affect Hippo signaling [8, [36] [37] [38] . Mechanistic insights into how the Hippo pathway is regulated by shear stress and how this cellular response is conferred has been limited [36] [37] [38] . We observed an upregulation of the matricellular remodeling factors CTGF and CYR61 with increased fluid flow. Notably, we identified that the induction of these YAP/TAZ-TEAD-dependent target genes [24] by shear stress is partly caveolae dependent. Although a complete understanding of this process remains to be determined, we show that shear stress transduction mediated by caveolae is regulated via LATS-mediated inhibitory phosphorylation of YAP/TAZ. Upon shear stress, the caveolaefacilitated activation of the Hippo kinase cascade is blunted. Consequently, caveolae-depleted cells are less sensitive to shear-stress-mediated YAP/TAZ activation. As caveolae are known to buffer cells from mechanical stress [9] [10] [11] [12] [13] [14] 42] , the feedforward upregulation of caveolar components by YAP/TAZ may represent a protective response.
The connection between caveolar function and Hippo signaling may extend beyond transduction of shear stress. For example, both caveolae and the Hippo pathway also play central roles in metabolic signaling [19, 22, 43, 44] , regeneration [45, 46] , and cancers [1, 17] . One aspect that merits highlighting is that loss-of-function mutations within the muscle-specific caveolin isoform CAV3 [47] or CAVIN1 [48] causes muscular dystrophy. The Hippo pathway is a potent regulator of muscle cells [49] [50] [51] , and intriguingly, there are overlapping gene sets between those upregulated in muscular dystrophy, caused by CAVIN1 or CAV3 mutations, and those driven by deregulation of muscular YAP/ TAZ-TEAD transcription [48] [49] [50] [51] . It might therefore be worth pursuing to examine the state of the Hippo pathway within caveolae-deficient muscular dystrophy patients. Targeting the Hippo pathway within these patients may allow for therapeutic intervention [1] [2] [3] [4] [5] . It is noteworthy that the decrease of caveolar proteins is very dramatic upon YAP/TAZ loss of function, whereas overexpression of YAP/TAZ only modestly increases CAV1 and CAVEOLIN1. It thus appears that YAP/TAZ are essential but might not be sufficient to drive expression of caveolar genes in all scenarios. We anticipate that additional factors regulating nuclear YAP/TAZ-TEAD activity, such as VGLL4 [52] , MRTF-SRF [53, 54] , AP1 [55, 56] , and SWI/SNF [57, 58] , might also play a role in regulating caveolar gene expression. The direct and reciprocal link between caveolae and the Hippo pathway provided here paves the way for further explorations into the biology of these little caves and this potent signaling pathway.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Data is represented with significance values (p) used by ''*'' p < 0.05, ''**'' p < 0.01 and ''***'' p < 0.001. All data originated from at least three independent biological replicates if not directly stated otherwise. Data was analyzed using Fiji (ImageJ), Excel (Microsoft) and Prism (GraphPad) software. All statistical analysis and graphs were generated using Prism software. No optimal sample-size estimation was calculated. The genotype of samples imaged in Figures 4L and 4M were blinded for the person quantifying the number of caveolae. For IF based quantification random images of areas of the coverslips were captured. Cells that had multiple nuclei, were not optimal processed or were undergoing mitosis were not included. All IF based scatterplots were tested and analyzed by unpaired Student's t test, whereas all other data was analyzed using Mann-Whitney, if not stated otherwise. Data are represented as mean ± standard error of the mean (SEM) or standard deviation (SD) as highlighted in figure legends. For correlation analysis, gene expression data across a panel of 967 cancer cell lines were downloaded from the Cancer Cell Line Encyclopedia (CCLE) [30] and the correlations between mRNA expressions of each pair of genes were evaluated by Pearson's correlation coefficient (r) with two tailed p values, < 0.05 considered significant.
